skeletal muscle cells [10] . Furthermore, treating palmitate-induced insulin-resistant C2C12 skeletal muscle cells with either fermented or unfermented rooibos extract induced elevated glucose uptake levels [8] . In addition, dietary aspalathin suppressed elevated fasting blood glucose and improved impaired glucose tolerance in ob/ob [11] and db/db mice [9] .
In view of previous observations and to deepen the understanding of myocardial glucose metabolism in ageing, obesity, and insulin resistance, aspalathinʼs glucose uptake potential in isolated cardiomyocytes from young (8 weeks), age-matched controls (22 weeks), and HFD (22 weeks: 6 weeks weaning + 16 weeks of an HFD) rats were investigated.
Results and Discussion
The prevalence of obesity and insulin resistance increases the risk for cardiovascular diseases [1] . To investigate these conditions, a diet-induced obese and insulin-resistant Wistar rat model (HFD) ( Table 1S , Supporting Information) was used. In the present study, the HFD rats had a significantly higher body weight gain (▶ Fig. 1 A) and visceral fat content ( Table 2S , Supporting Information) compared to age-matched controls (C), corroborating previous findings [12] . At 7-14 weeks old, the body weight of the young rats averaged 246.8 ± 35.0 g (n = 38), whereas at 24-32 weeks old, the control rats averaged 417.3 ± 40.0 g (n = 22) and HFD rats 508.5 ± 50.0 g (n = 20), averaging a body weight gain of 91.2 g or 22 % (p < 0.001) in HFD rats (▶ Fig. 1 A) . After 24-32 weeks of feeding, the visceral fat of the control rats averaged 21.8 ± 7.0 g and HFD rats 42.3 ± 10.0 g, equating an average of 95 % higher visceral fat (p < 0.001) ( Table 2S , Supporting Information). In genetically and environmentally susceptible individuals, chronic overnutrition and low energy expenditure cause the subcutaneous fat to saturate, consequently leading to enlarged adipocytes and visceral fat formation [13] . Furthermore, diet-induced visceral fat accumulation is an important precursor for insulin resistance [14] .
One of the first clinical consequences of insulin resistance is a dysregulation in glucose homeostasis, the maintenance of blood glucose concentration within very narrow physiological limits [15] . This abnormality can be determined by measuring fasting blood glucose concentrations, which are closely regulated by endogenous glucose production and glucose utilization by insulin-sensitive tissues. In the present study, following overnight fasting, HFD rats had elevated basal blood glucose levels compared to the controls (5.7 ± 0.4 vs. 4.7 ± 0.1 mM; p < 0.001) (▶ Fig. 1 B) . After an oral sucrose injection containing a disaccharide bond of glucose and fructose, the blood glucose levels of HFD rats continued to remain significantly elevated for up to 45 min (7.2 ± 0.8 vs. 5.4 ± 1.1 mM; p < 0.05), and only approached fasting blood glucose levels after 90 min compared to the 45 min for the control rats. In addition, the non-fasting blood glucose levels were also highest in the HFD rats (7.8 ± 1.0 mM), followed by similar levels for the control rats (7.1 ± 0.7 mM) and young rats (7.3 ± 0.8 mM) ( Table 2S , Supporting Information). Further indication of insulin resistance in HFD rats includes raised fasting insulin levels (HFD: 14.58 ± 2.0 vs. control: 6.68 ± 2.2 µIU/mL; p < 0.05), constituting an increase in serum insulin levels of 118 % and a higher HOMA-IR index ( Table 2S , Supporting Information). In the present study, increasing concentrations of insulin elicited a weak response in glucose uptake in cardiomyocytes isolated from HFD rats (▶ Fig. 1 C) , corroborating previous studies using a similar model [12, 16] . When comparing their respective glucose uptake responses, the young animals had the most robust response to increasing concentrations of insulin, with 10 nM insulin having a significant 54 ± 26 % (n = 6; p < 0.001) increase and 100 nM insulin having a 97 ± 35 % (n = 3; p < 0.001) increase (▶ Fig. 1 C) . The older control animals had a significant increase of 46 ± 15 % (n = 5; p < 0.01) and 56 ± 19 % (n = 5; p < 0.001), respectively, while the HFD group showed a saturation in glucose uptake with 10 nM insulin increasing 37 ± 21% (n = 8; p < 0.01) and a similar 36 ± 22% (n = 7; p < 0.001) with 100 nM compared to the basal uptake (n = 9) expected of insulin-resistant cardiomyocytes.
We propose that the mechanism for insulin resistance formation following an HFD is due to an increase in adipose tissue, inducing elevated circulating FFA levels, altering adipose tissue-derived factors such as increasing leptin (initially an appetite suppressant) and TNFα (known to induce peripheral insulin resistance), and decreasing adiponectin (sensitize insulin action) [17] , followed by eventual visceral fat accumulation [13, 18] . This will induce insulin resistance by altering glucose transport or inhibiting insulin-mediated glucose uptake pathways in cardiac muscle and possibly skeletal muscle, liver, and adipose tissues. It will further indirectly increase endogenous glucose production by inhibiting the insulin-mediated suppression of hepatic glycogenesis [19, 20] , and increase FFA-induced insulin secretion exacerbated by FFA-induced insulin resistance [21] .
Whether aspalathin has the ability to stimulate glucose uptake in isolated cardiomyocytes was first tested by establishing an aspalathin dose response in cardiomyocytes of young control rats (▶ Fig. 2 A) . This showed a significant reduction in glucose uptake for all three aspalathin dosages of 1 µM aspalathin (24 ± 7 %; n = 2; p < 0.001), 10 µM aspalathin (11 ± 10 %; n = 3; p < 0.01), and 100 µM aspalathin (27 ± 8 %; n = 3; p < 0.001) compared to basal (100 ± 4 %; n = 9). DMSO 0.1 %, the effective vehicle concentration for 100 µM aspalathin, also decreased uptake significantly (27 ± 8 %; n = 9; p < 0.001) compared to basal. Trypan blue exclusion assays of isolated cardiomyocytes showed no significant differences in cell viability following separate isolations (68 ± 6 %; n = 3) ( cytes from young rats (n = 1, performed in triplicate) after 1 or 3 h of treatment with DMSO, aspalathin, or insulin also showed no significant difference in cell viability between the treatment groups ( Table 3S , Supporting Information). Therefore, the observed suppression in glucose uptake was not due to DMSO toxicity.
Within the heart, glucose enters cells through either facilitated diffusion or active diffusion mediated by the glucose transporters GLUT1 and GLUT4. Glucose is always higher within the blood, than intracellularly, causing a glucose gradient that drives the influx of glucose. The gradient is maintained by abundant hexokinase enzymes, which phosphorylate glucose as it enters the cardiomyocytes, leaving the transport into cells as the rate-limiting step [22] . In a study by Berenguer et al. [23] on 3T3-L1 adipocytes and L6 myotubes, they found that low concentrations of DMSO were able to induce GLUT1 and GLUT4 recruitment to the cell surface and simultaneously inhibit the activity of the glucose transporters. The half-life for reversing these effects were t 1/21 2 min in 3T3-L1 adipocytes, and could possibly be longer in cardiomyocytes. We also propose that since 0.1 % DMSO was not toxic to the cells, the reduction in glucose uptake observed could be due to DMSO inhibiting GLUT4 activityan effect exacerbated by an increasing DMSO concentration.
The possibility that aspalathin might indirectly effect glucose uptake in cardiomyocytes through co-mediating insulinʼs action in young control rats (▶ Fig. 2 B-C) was explored. Co-treating 10 nM insulin with increasing concentrations of aspalathin for 45 min showed an effective increase in glucose uptake of 62 % for concentrations of 10 µM aspalathin (221 ± 57 %) compared to 10 nM insulin (158 ± 23 %; p < 0.001) (▶ Fig. 2 B) , while the effect was dissipated when co-treating with 100 µM aspalathin (121 ± 1 %). This infers that insulin plays an important role in eliciting aspalathinʼs response through increasing coactivation or co-expression of the insulin-dependent signaling pathway proteins. This mechanism has been noted before in palmitate-induced insulin resistant C2C12 muscle cells that presented with a low glucose uptake response to treatment with insulin, but once co-treated with green rooibos extract (which has a high aspalathin content) there was a notable increase in glucose uptake [8] . However, in the present study, cardiomyocytes isolated from obese, insulin-▶ Fig. 2 Glucose uptake in isolated cardiomyocytes from young, aged control, and HFD rats in response to aspalathin and insulin treatment. A %2DG after 45 min of aspalathin dose response in isolated cardiomyocytes (young rats; n = 2-9); *p < 0.05 compared to 0.1 % DMSO vehicle; **p < 0.01, ***p < 0.001 compared to basal uptake. B %2DG after 45 min aspalathin and insulin dose response in cardiomyocytes (young rats; n = 3). *P < 0.05, **p < 0.01, ***p < 0.001 compared to 10 nM insulin, unless otherwise indicated. C %2DG uptake after 45 min aspalathin and insulin treatment in isolated cardiomyocytes (young, aged control, and HFD rats; n = 3-5). **P < 0.01, ***p < 0.001 compared to the corresponding basal uptake. D Absolute 2DG uptake after 1-3 h of treatment in isolated cardiomyocytes from rat models (young, control, and HFD rats; n = 3-6). Ins: 10 nM insulin, Asp: 10 µM aspalathin. *P < 0.05, **p < 0.01, ***p < 0.001 compared to the corresponding basal uptake, unless otherwise indicated.
resistant, and age-matched control rats showed no significant differences in acute glucose uptake when treated with aspalathin, or aspalathin in conjunction with insulin (▶ Fig. 2 C) . The fact that aspalathin in conjunction with insulin was able to acutely increase glucose uptake in cardiomyocytes from young control rats, but not in mature rats, indicates that the mechanisms of ageing, which independently reduce the sensitivity of the insulin signaling pathways [24] , is an important factor diminishing aspalathinʼs glucose uptake potential.
The experiments were extended on ventricular cardiomyocytes to 3 h (▶ Fig. 2 D) . Surprisingly, incubating cells with 10 µM aspalathin for 1.5 h (a mere 45 min longer than in the acute model) resulted in a significant increase in glucose uptake in cardiomyocytes from young controls (37.2 ± 13.9 pmol 2DG/mg protein; n = 3; p < 0.05), saturated at 2 h of treatment (44.1 ± 0.1 pmol 2DG/mg protein; n = 2; p < 0.01), with 3 h of treatment also having a similar result (44.1 ± 5.2 pmol 2DG/mg protein; n = 2; p < 0.01 vs. basal: 25.7 ± 2.5 pmol 2DG/mg protein; n = 4). The addition of aspalathin to insulin was able to significantly increase glucose uptake by 30 % in the young group (57.5 ± 9.5 pmol 2DG/mg protein; n = 3; p < 0.05) and by 38 % in the aged control group (32.4 ± 6.4 pmol 2DG/mg protein; n = 5; p < 0.05) compared to insulin alone (44.3 ± 6.5 pmol 2DG/mg protein and 23.5 ± 10.0 pmol 2DG/mg protein, respectively). The HFD group showed no significant increases when treated with aspalathin and insulin (24.2 ± 15.1 pmol 2DG/mg protein; n = 4; p < 0.05) or without insulin, but remained responsive to insulin treatment after 1.5 h (26.4 ± 12.9 pmol 2DG/mg protein; n = 3; p < 0.01) compared to basal (10.3 ± 5.7 pmol 2DG/mg protein; n = 4). No further increase in glucose uptake by aspalathin was observed for either older controls or HFD rats when the incubation time was extended to 3 h. Consistently, younger rats had the most robust basal glucose uptake response (25.7 ± 2.5 pmol 2DG/mg protein; n = 4), whereas aged rats had similar responses to each other (10.0 ± 2.8 pmol 2DG/mg protein for control; n = 6 and 10.3 ± 5.8 pmol 2DG/mg protein for HFD; n = 4; p < 0.001) (▶ Fig. 2 D) . The lack of effects of aspalathin stimulation in older, obese, insulin-resistant rats strengthens the argument that aspa-lathinʼs actions are in part dependent on the insulin signaling pathway. This was investigated using wortmannin, a PI3K inhibitor. Insulin stimulation results in glucose uptake through activation of PI3K, Akt, and translocation of GLUT4 to the plasma membrane [25] . Therefore, inhibiting PI3K through pretreatment with wortmannin should result in the inhibition of insulinʼs glucose uptake potential [26] . This was the case when wortmannin was administered before insulin and aspalathin treatment, which resulted in a loss of glucose uptake potential in cardiomyocytes from young rats (▶ Fig. 3 ). Wortmannin at 100 nM significantly decreased basal glucose uptake (82 ± 10 % vs. 100 ± 10 %, n = 3; p < 0.05). The remaining glucose uptake is the result of repetitive cardiomyocyte contraction [25] . Co-treating 10 nM insulin with 100 nM wortmannin significantly decreased glucose uptake (78 ± 17 %; n = 3; p < 0.001) compared to 10 nM insulin alone (158 ± 23%; n = 3) (▶ Fig. 3 ). Furthermore, the addition of 100 nM wortmannin completely inhibited all of the glucose uptake potential of the combination of aspalathin and insulin (59 ± 13%; n = 2; p < 0.01). Likewise in older, obese, insulin-resistant rats and age-matched controls (▶ Fig. 3 ).
Wortmannin 100 nM was able to significantly decrease basal glucose uptake in control rats (59 ± 2% vs. 100 ± 13%; n = 2; p < 0.05) after 90 min of stimulation (▶ Fig. 3 ). Co-treating 10 nM insulin with 100 nM wortmannin significantly decreased glucose uptake in both control (106 ± 15 % vs. 272 ± 25 %; n = 2; p < 0.05) and HFD rats (87 ± 28% vs. 217 ± 83%; n = 2; p < 0.05). Furthermore, inhibiting PI3K with 100 nM wortmannin completely inhibited the additive effects of 10 nM insulin and 10 uM aspalathin on glucose uptake by cardiomyocytes from aged control rats (136 ± 19 vs. 256 ± 26; n = 2; p < 0.05). In a study performed on ▶ Fig. 3 Glucose uptake after PI3K inhibition in isolated cardiomyocytes from young, aged control, and HFD rats. %2DG uptake after wortmannin pretreatment followed by 45 min stimulation with aspalathin and insulin in cardiomyocytes from young rats (n = 3), and 90 min stimulation in aged control and HFD rats (n = 2). Wort: 100 nM wortmannin, Asp: 10 µM aspalathin, Ins: 10 nM insulin. *P < 0.05 compared to the corresponding basal uptake, unless otherwise indicated.
L6 myotubes, treatment with 2 mM metformin (a known hypoglycemic agent and antidiabetic treatment) for 5 h in culture induced glucose uptake independent of insulin, but co-treatment with insulin resulted in a further activation of glucose uptake [27] . Similar to the action of metformin, we propose aspalathin is able to induce glucose uptake independent of insulin, but downregulation of the PI3K signaling pathway in older animals, and even more so in insulin-resistant animals, results in a desensitization of the entire insulin signaling pathway and subsequently suppress glucose uptake induced by aspalathin. This is the first time aspala-thinʼs acute antidiabetic potential has been tested in isolated cardiomyocytes, whereas previous studies made use of cultured rat RIN-5F pancreatic cells, rat L6 myotubes, mouse C2C12 skeletal muscle cells, or human hepatoma CCL-13 cells eliciting a glucose uptake response only after 3 h [8] [9] [10] [11] . Furthermore, the hypoglycemic effects observed after 5 weeks of dietary aspalathin administration in both ob/ob and db/db mice models possibly means that in order to elicit a significant response, aspalathin (and its metabolites) needs to accumulate over time.
This study demonstrated the effects on glucose uptake of relatively short-term in vitro treatment with aspalathin on cardiomyocytes isolated from the hearts of healthy, young, and aged rats, as well as aged obese and insulin-resistant rats. Aspalathin, as a pleiotropic compound, has a very specific dosage duration and elicits its effects in a dose-dependent manner. It induces myocardial glucose uptake directly and potentiated the effects of insulin in cardiomyocytes isolated from young rats, while in older animals, aspalathin had a more indirect effect on glucose uptake through enhancing insulinʼs action. Aspalathin also had no significant effect when used as a stimulant in heart cells from obese, insulin-resistant rats, indicative that aspalathin requires PI3K signaling pathway sensitivity to be beneficial (Fig. 1S , Supporting Information).
Materials and Methods

Chemicals
Synthetic aspalathin (purity of ≥ 98 % as determined by HPLC and LC-MS) was supplied by the South African Medical Research Council. Euthanaze was supplied by Bayer Healthcare Animal Health. Blood glucose meter and strips were obtained from GlucoPlus. Millipore Rat/Mouse Insulin ELISA was purchased from Merck. BSA fraction V (fatty acid free) and BSA fraction V were purchased from Roche. 2DG and Emulsifier Scintillator Plus were purchased from Perkin-Elmer. Wortmannin (purity of ≥ 98 % as determined by HPLC and LC-MS), propidium iodide, phloretin, and insulin were purchased from Sigma-Aldrich. Collagenase type 2 was purchased from Worthington Biochemical. GraphPad Prism 5 was obtained from Graphpad Software. All other consumables as well as reagents were purchased from Sigma-Aldrich and Merck.
Ethics
The experimental procedure was approved by the Committee for Ethical Animal Research of the University of Stellenbosch (Ethical Clearance: SU-ACUM14-00013. Obtained September 9, 2014). The revised South African National Standard for the care and use of laboratory animals for scientific purpose was followed (SABS, SANS 10386, 2008).
Animal care
Rats were housed in cages in a stable environment of 22°C, 40 % humidity, and a 12-h artificial day/night cycle. Male Wistar rats (6 weeks old, 190 ± 10 g) were randomly selected and grouped into control and HFD groups. Control rats received commercial rat chow (1272 kJ/100 g) and unlimited drinking water, whereas the HFD groups received a diet consisting of normal chow, supplemented with sucrose, condensed milk, and holsum fat (1354 kJ/ 100 g) ( Table 1S , Supporting Information). Additionally, young control rats (180-300 g) consuming commercial rat chow were used throughout the study as positive controls to verify the validity of experimental protocols.
Sucrose administration test
A sucrose administration test was used to determine the efficacy of the rats to clear blood glucose following oral ingestion of a 50 % sucrose solution. Animals were fasted overnight (with access to drinking water) before being anesthetized by an intraperitoneal injection with a very low dose of sodium pentobarbital (15 mg/ kg body weight). Initial fasting blood glucose levels were established from a tail prick using a glucometer. In addition, 1 mL of fasting blood collected directly from the carotid artery was used in subsequent insulin assays. Thereafter, a solution of 50 % sucrose at a dose of 1 mg/kg body weight was administered by oral gavage, and blood glucose levels were monitored between 0 and 120 min. Afterwards, the animals were allowed to recover for one week from this metabolic insult before being sacrificed in other experiments.
Insulin assay
Serum from the fasting blood was used to determine insulin levels of the animals using a Millipore Rat/Mouse Insulin ELISA kit according to the manufacturerʼs instructions. The HOMA-IR index was calculated using HOMA2 Calculator 2.2.3 software.
Non-fasting blood glucose
Blood glucose concentrations of the anesthetized rats were determined from a drop of blood collected from a tail prick using a hand-held glucometer.
Visceral fat
The visceral fat of the control and HFD animals were dissected and weighed.
Isolation of cardiomyocytes
Buffer compositions are shown in Table 4S , Supporting Information. Rats were anesthetized with sodium pentobarbital (160 mg/ kg) (Euthanaze). Hearts were quickly excised (< 1 min after first incision) and arrested in ice-cold Krebs-Henseleit buffer. Cardiomyocytes in an unstimulated state were isolated essentially as described previously [28] . The hearts were mounted via the aorta onto a Langendorff perfusion system (< 2 min after removal) and retrogradely perfused with HEPES buffer (Buffer A) at 37°C, gassed with 100 % O 2 for 5 min to rinse out the residual blood.
The perfusion medium was then switched to a recirculating medium containing 0.1 % type 2 collagenase and 15 mM 2,3-BDM (Buffer B). After 20 min, the calcium concentration was gradually increased to 200 µM. Perfusion was continued until the perfusate streamed continuously from the heart or 40 min maximum. After digestion, the hearts were removed and the ventricles were carefully isolated from the atrial and vascular remnants, minced with tweezers, and suspended in Buffer C containing 200 µM CaCl 2 and half the concentration of collagenase and 2,3-BDM. The suspension was placed in a flat-bottomed flask in a shaking incubator at 110 rpm (circular orbit of 19 mm) and 37°C, and further digested for 20 min in the presence of 100 % O 2 with the calcium concentration gradually raised to 1.25 mM over the last 5min period. The isolated cells were filtered (nylon mesh: 200 × 200 µm) and gently spun down at 10 × g for 3 min. The pellet obtained was resuspended in a fatty acid free BSA-rich buffer (Buffer D) and the viable cells were allowed to settle through the solution for 5 min. The supernatant was aspirated, and the pellet resuspended in Buffer D and slowly rotated (30 rpm with a 19-mm circular orbit) at 37°C for at least 1 h. After recovery, the cellʼs viability was routinely 65-70 %, as determined by trypan blue exclusion (Table 3S , Supporting Information). Each heart typically yielded approximately 5 million cardiomyocytes. The cells were washed three times in a substrate-free medium (Buffer E) and allocated for experimentation.
Propidium iodide staining
Myocardial cell viability in response to treatment was determined by 1 or 3 h pretreatment with either 0.01 % DMSO (vehicle), 10 µM aspalathin, or 10 nM insulin, and stained using 5 µM PI. Treatments were performed in duplicate with one series stained (PI) and the other unstained (negative). Both series were incubated for 15 min at room temperature in the dark. The samples were then analyzsed at simultaneous 617 nm/535 nm wavelengths using FACS analysis. Complete FACS analysis is described in the Supporting Information section.
Glucose uptake assay 2DG uptake by adult ventricular myocytes was essentially determined as published previously [26] . This method renders cells that are calcium tolerant but are in a quiescent and unstimulated state. For the glucose uptake assay, the isolated cardiomyocytes were incubated for a total of 1-3 h at 37°C in an oxygenated, substrate-free medium (Buffer E), with treatments commencing at the 5-min time point. Aspalathin, wortmannin and phloretin were dissolved in DMSO as stock solutions of 1 mM, 2 mM and 64 mM, respectively, and stored as aliquots at − 80°C. Insulin stock solution was similarly made up as a 10 µM solution in Buffer E and stored as aliquots at − 80°C. All four treatments were diluted with Buffer E to their respective concentrations. At 35-150 min after stimulation of the cells, glucose uptake was initiated by the addition of 1.8 µM (specific activity, 1.5 µCi/mL) 2DG. The experiment was allowed to proceed for 30 min, after which the glucose uptake reaction was stopped by adding a final concentration of 400 µM phloretin. Cell suspensions were microfuged at 14 000 × g for 90 sec at room temperature. The resultant supernatant was aspirated and the cells were washed with HEPES buffer to remove all traces of radiolabelled 2DG. Samples were dissolved in 1 N NaOH and then diluted to a final concentration of 0.5 N NaOH. An aliquot was used to assay the protein content in duplicate by the method of Lowry et al. [29] , while 100 µL per sample in duplicate were counted for radioactivity. A sample containing only scintillation fluid was used as a blank, and 1.8 µM 2DG were used to measure the total radioactive count for specific activity determination.
Statistical analysis
Unless stated otherwise, all results are presented as the means ± standard deviation. For comparative studies, statistical analysis was performed with a Studentʼs t-test (unpaired) or one-way analysis of variance (ANOVA) followed by Bonferroni multiple comparisons post-test using GraphPad Prism 5. P < 0.05 was considered significant.
Supporting information
HPLC analysis of the aspalathin used in this study has been published previously and the results thereof are available at http:// dx.doi.org/10.1016/j.chroma.2014.12.078 (Data is not available free of charge).
Dietary composition for the rat models, insulin resistance assessment criteria, cell viability assay results, and buffer compositions used during isolation protocols are available as Supporting Information.
